A-factor, 2-isocapryloyl-3R-hydroxymethyl-y-butyrolactone (16) , is an autoregulating factor originally found in cultures of Streptomyces griseus by Khokhlov et al. (13) ; it is essential for streptomycin production, streptomycin resistance, and spore formation in S. griseus and Streptomyces bikiniensis (5) (6) (7) . Mutants of these organisms that are deficient in A-factor synthesis lose all these characteristics simultaneously, and exogenous addition of A-factor causes their complete recovery. Such mutants are obtainable at high frequency by treatment with acridine dyes or growth at high temperature. Genetic analysis by protoplast fusion showed nonlinkage of the genetic determinant of A-factor biosynthesis to chromosomal markers. Furthermore, its infectious transfer suggested involvement of an extrachromosomal genetic determinant for A-factor synthesis in S. griseus (8) .
A-factor production has been found to be distributed widely among actinomycetes, including Streptomyces coelicolor A3 (2) . In contrast to the results with S. griseus, two fixed loci, afsA and afsB, on the chromosomal linkage map governed A-factor production in S. coelicolor A3(2) (8) . Cloning experiments have revealed that afsB is a pleiotropic regulatory gene affecting synthesis not only of A-factor but also of several secondary metabolites in S. coelicolor A3 (2) and Streptomyces lividans (10) .
In this paper, we describe the cloning of the genetic determinant of A-factor biosynthesis in S. bikiniensis. The cloned gene(s), almost identical to the A-factor determinant of S.
griseuts, seemed to be the structural gene(s) for enzyme (s) involved in A-factor biosynthesis. Complete deletion of the gene sequences in A-factor-deficient mutants of S. bikinienisis and S. griseus was observed by DNA/DNA hybridization experiments, in accordance with the assumption that the Afactor genes are carried on an unstable extrachromosomal element in these streptomycin-producing streptomycetes.
MATERIALS AND METHODS
Bacterial strains and plasmids. S. bikiniensis IFO 13350, which produces streptomycin, is a stock culture in this * Corresponding author.
laboratory. S. bikiniensis HH1 is an A-factor-deficient mutant derived by incubation at 37°C. This strain can neither produce streptomycin nor form spores owing to its lack of Afactor. S. griseus FT-1 and IFO 13189 strains and their Afactor-deficient mutants derived by so-called curing treatments have been described (6) . Other actinomycete strains (6) and S. coelicolor A3(2) strains (8, 10) were previously described. Plasmids pIJ41, pIJ303, pIJ385, and pIJ702 conferring resistances to thiostrepton and neomycin, thiostrepton, thiostrepton and neomycin, and thiostrepton, respectively, were obtained from D. A. Hopwood (2, 12, 14, 19 20 ,000 thiostrepton-resistant colonies thus obtained were again transferred onto nutrient agar medium by replica printing and allowed to grow at 28°C for 28 h, after which nutrient soft agar containing Bacillus subtilis ATCC 6633 was over-laid, and the plates were incubated overnight at 37°C. One presumptive streptomycin-producing colony forming a growth-inhibitory zone on the indicator B. subtilis strain was picked and used for further study.
Other methods, including A-factor assay, media, agarose gel electrophoresis, and recombinant DNA work for subcloning the A-factor determinant, were essentially as described (6, 10, 11) .
DNA blotting and hybridization. Restriction endonuclease fragments separated in 1.2% agarose-ethidium bromide gel electrophoresis were alkali denatured and then neutralized. The DNA was transferred and fixed to a sheet of nitrocellulose paper by the method of Southern (18) . For making 32p_ probes, restriction fragments purified from agarose gel segments by using the NaClO4 method (3) Figure 1 shows the restriction map of this plasmid, named pAFB1; it directed synthesis of A-factor as described below.
Trimming the A-factor determinant by subcloning. To reduce the size of the cloned fragment, we first subcloned the largest PstI-BcIl fragment of pAFB1, consisting of 5.0 kb, into pIJ702 between the PstI and BglII sites. BclI and BglII ends can be readily ligated, since they share the common 4-base sequence GATC and are cleaved at the same position in this sequence. This plasmid, pAFB2 (shown in Fig. 1 ), conferred A-factor production to strain HH1 when tested as described below, whereas pAFB3, which contained the remainder (4 kb) of the originally cloned fragment, failed to confer A-factor production. Plasmid pAFB7, containing the PstI to KpnI fragment consisting of 3.8 kb, could confer A-factor production. The amount of A-factor produced by the pAFB2-or pAFB7-carrying strain HH1 was equal to that produced by the pAFB1 carrier. From these results, the Afactor determinant capable of conferring A-factor productivity to strain HH1 was narrowed down to this 3.8-kb fragment.
Phenotypic expression of the cloned fragment. Purified pAFB1 DNA was reintroduced by transformation into S. bikiniensis HH1 to test for phenotypic expression in the host cell. All the thiostrepton-resistant transformants obtained in this way were confirmed to produce streptomycin (Fig. 2) , as well as to form spores (Fig. 3) . In addition, colonies of these transformants restored streptomycin production to an adjacent colony of an A-factor-deficient S. griseus (Fig. 2) . In addition to streptomycin production and spore formation, streptomycin resistance was also restored by introduction of the plasmid pAFB1. The resistance level of the transformants was the same as that of the parental S. bikiniensis strain (100 pLg of streptomycin per ml), whereas that of the host strain HH1 was 40 ,ug/ml. These results indicated that pAFB1 conferred A-factor production to the host cell.
In a bioautogram of chloroform extracts of culture filtrates of S. bikiniensis (pAFB1), which was performed as previously described (6) , a strongly positive spot with an Rf value of 0.3 that was identical to that of chemically synthesized Afactor (17) was detected. The amount of A-factor produced by the plasmid-carrying strain HH1 was estimated to be 3.4 ,ug/ml by the bioassay, whereas the parental S. bikiniensis strain produced 0.2 ,ug/ml under the same conditions. Thus, the plasmid-carrying strain HH1 produced about 18 times as much A-factor as the parental strain, perhaps because of gene dosage. Plasmid pAFB7 conferred A-factor production to strain HH1 to the same extent as pAFB1 did. This finding that an increased amount of A-factor did not lead to an enhancement of streptomycin production or an increase of streptomycin resistance confirms the regulatory or "switching" function of A-factor.
Expression of pAFB1 in S. griseus. S. griseus FT-1 is a high-level streptomycin producer with a high resistance to streptomycin (more than 10 mg/ml). The A-factor-deficient mutant number 2 of FT-1 lost both streptomycin productivity and spore-forming ability with a marked reduction of streptomycin resistance (to 1.2 mg/ml) (6, 7) . No intermediate in the streptomycin biosynthetic pathway, rather only Afactor, is capable of restoring streptomycin production to the A-factor-deficient mutant. Introduction of pAFB1 or pAFB7 into this mutant caused A-factor production in a large quantity, perhaps owing to gene dosage, and restored all these defects to the level of the parental FT-1 strain. A similar reversal was also observed with A-factor-deficient mutants derived from S. griseus IFO 13189. These results indicated that the cloned A-factor determinant of S. bikiniensis could complement the A-factor deficiency of S. griseus mutants.
Cloned fragment complements afs mutations of S. coelicolor A-factor production of S. coelicolor A3(2) strains was assayed by detecting streptomycin production of an A-factor-deficient S. griseus of which streptomycin production depends on A-factor feeding by the test organisms, as described (10 medium with cultivation at 28°C for 6 days. Thiostrepton (32 ,ug/ml) was added when the test strain harbored thiostrepton resistance plasmids. A paper disk containing 10 ng of A-factor was placed in colony 7 after 2 days of growth, and the incubation was continued for a further 4 days; A-factor diffusing into the agar medium stimulated spore formation of the A-factor-deficient S. bikiniensis, depending on the concentration. A3(2) and S. lividans. Biosynthesis of A-factor in S. coelicolor A3(2) is determined by two chromosomal loci, afsA and afsB. The latter has been deduced to be a regulatory gene by cloning experiments (8, 10) . Mutations at afsA cause only loss of A-factor production, whereas afsB mutants lose biosynthetic activities not only of A-factor but also of the pigments actinorhodin and undecylprodigiosin. To reveal the functions determined by the cloned S. bikiniensis fragment, we introduced pAFB1 into afsA mutants of S. coelicolor A3(2) (BH2 and BH10) and afsB mutants (BH5 and BH6) and tested for A-factor production by the cosynthesis method as described (10) . Transformants of both afsA and afsB mutants carrying pAFB1 produced A-factor. On the other hand, production of the pigments was not restored in the afsB transformants. The amount of A-factor produced by both the afsA and afsB transformants was estimated by the (bioassay to be 100 ng per colony, an amount which was about 20 times higher than that produced by the parental S. coelicolor A3(2). Plasmid pAFB7 also caused A-factor production to the same extent in both the afsA and afsB mutants. The increased production of A-factor was probably due to a gene dosage effect of the multicopy vector plasmid.
In S. lividans, biosynthesis of A-factor is positively regulated by afsB (10) . Plasmids pAFB1 and pAFB7 conferred Afactor production to the same extent to S. lividans HH21, which seems to be a spontaneous afsB mutant. To examine a gene dosage effect, we subcloned the same PstI to KpnI fragment carried by pAFB7 onto pIJ41, resulting in pAFB13 (Fig. 1) , and introduced it into strain HH21. The vectors used for pAFB7 and pAFB13 were pIJ702 with the copy number of 40 to 300 and pIJ41 with the copy number of 3 to 4, respectively (2) . Although the actual copy numbers of the hybrid plasmids were not determined, they were almost the same as those of the respective vectors, judging from the intensity of the plasmid bands on agarose gels. The amount of A-factor produced by strain HH21 carrying pAFB7 and pAFB13 was determined to be 130 and 100 ng per colony, respectively.
Detection of A-factor determinants by DNA blotting analysis. To determine the presence or absence of A-factor determinants in A-factor-deficient mutants of S. griseus and S. bikiniensis, we performed Southern blot experiments with the 32P-labeled 5.0-kb fragment (the PstI to BclI fragment, carried by pAFB2) containing the intact A-factor gene(s), with probe and total cellular DNA from A-factor-deficient mutants of S. griseus and S. bikiniensis, as well as their parental strains, as targets. All the A-factor-positive strains showed positive hybridization; however, their A-factordeficient mutants gave no hybridization (Fig. 4 and 5) .
A-factor-producing S. griseus FT-1 had a corresponding DNA sequence with the same intensity and the same BamHI restriction pattern as that of S. bikiniensis. These results suggested that the nucleotide sequences of the A-factor genes of the two strains were well conserved. BamHIdigested total DNA of S. griseus IFO 13189 gave hybridizing bands at slightly different positions. All the A-factor-deficient mutants, such as S. griseus FT-1 number 2 (obtained by UV irradiation), S. griseus IFO 13189 AO-1 (obtained by acridine orange treatment), and S. bikiniensis HH1 (obtained by growth at 37°C), gave no hybridization. Neither was positive hybridization observed with other A-factor-deficient mutants, such as S. griseus FT-1 AO-1 and S. bikiniensis AO-1 (both obtained by acridine orange treatment) (data not shown). These results indicate that the entire DNA sequences homologous to the cloned A-factor determinant of S. bikiniensis are easily lost as a unit in these organisms.
To analyze distribution of the A-factor genes in actinomycetes, we hybridized the above 5.0-kb fragment with BamHI-digested total cellular DNA extracted from various other A-factor-producing and nonproducing strains. Table 1 summarizes the A-factor productivity of each strain tested by the cosynthesis method, together with the hybridization results (data not shown). Most of the A-factor producers carried a sequence homologous to the probe, with a varying degree of homology with different BamHI restriction patterns, whereas most of the nonproducers did not. However, a few contradictory cases were also observed; several Afactor-negative strains contained homologous sequences and several A-factor producers gave no positive hybridization. DISCUSSION A 3.8-kb DNA fragment of S. bikiniensis cloned on multicopy plasmid vector pIJ702 conferred A-factor production with simultaneous recovery of streptomycin production, streptomycin resistance, and spore formation in A-factordeficient mutants of S. bikiniensis and S. griseus. A marked gene dosage effect, depending on the copy number of the vector plasmid, was observed on the amount of A-factor produced by the transformants carrying the hybrid plasmids. These results strongly suggest that the cloned fragment contains a structural gene(s) encoding one or more enzymes for A-factor biosynthesis. This conclusion is also supported by the finding that the cloned fragment is able to complement mutations in the afsA gene of S. coelicolor A3(2), which we presume are in a structural gene(s) for A-factor biosynthesis (8, 10).
As we already reported (6), A-factor-deficient mutants of S. griseus and S. bikiniensis are easily obtained by so-called 4 showed the absence of a markedly amplifiable unit in the A-factor-deficient mutants. This observation also indicates a difference from the unstable genes, suggesting that occurrence at high frequency of A-factor-deficient mutants by plasmid-curing tteatments may not be associated with reiteration of DNA sequences.
A-factor is determined chromosomally in S. coelicolor A3(2), in contrast to the above case in streptomycin-produicing organisms. Of the two chromosomal loci, afsA and afsB, for A-factor biosynthesis in S. coelicolor A3(2), afsA seems to be for the structural gene(s) for A-factor synthesizing enzymes, whereas afsB appears to be a positlve regulatory gene with markedly pleiotropic characteristics (8, 10) . The cloned afsB gene on a 2.0-kb DNA fragmnent caused biosynthesis not only of A-factor but also of the pigments actinorhodin and undecylprodigiosin, which have no structural and biosynthetic relationships with each other or with A-factor. In the present work, the cloned A-factor gene(s) of S. bikiniensis restored A-factor production to both afsA and afsB mutants of S. coelicolor A3(2) but did not restore production of the pigments to the afsB nmutants. Nocardia brasiliensis + "The molecular weights of hybridized bands were determined by using Hindlll-digested k DNA as standard markers.
The presence of the A-factor genes detected by hybridization showed a considerable correlation with A-factor productivity in a wide variety of actinomycetes. Exceptional cases in which a homologous sequence was found in a few Afactor nonproducers might be attributable to the quantitative limit for detecting A-factor production by the method used or to naturally occurring point mutations. Most of the Afactor-producing strains were found to share homologous sequences with the S. bikiniensis A-factor gene(s); however, their homology varied from strain to strain. Observed lack of homology in some of the A-factor producers can most likely be ascribed to decreased homology among the wide divergency of actinomycetes. An example representing a similar situation was shown by Horinouchi et al. (9) , in which macrolide-lincosamide-streptogramin B resistance genes from staphylococcal and streptococcal strains failed to show relatedness by nucleic acid hybridization but still possessed similar amino acid sequences. These findings suggest that the A-factor determinant of S. bikiniensis and those of other actinomycetes are related and that they have diverged from a common ancestral sequence.
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